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(54) Semiconductor light emitting device 

(57) A semiconductor light emitting device is dis- 
closed in which a semiconductor multilayer structure (1 1 
to 16) including a light emitting layer (13) is formed on 
a substrate (10) and light is output from the opposite 
surface of the semiconductor multilayer structure (11 to 



1 6) from the substrate (10). The light output surface is 
formed with a large number of protrusions in the form of 
cones or pyramids. To increase the light output efficien- 
cy, the angle between the side of each protrusion and 
the light output surface is set to between 30 and 70 de- 
grees. 
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Description 

[0001 ] The present invention relates to a semiconduc- 
tor light emitting diode, such as a light emitting diode 
(LED) or a laser diode (LD). More specifically, the 5 
present invention relates to a semiconductor light emit- 
ting device having its light output surface made rough. 
[0002] Conventionally, a high intensity LED has been 
fabricated by forming a double-heterostructure light 
emitting region on a semiconductor substrate and then 
forming a current diffusing layer on the light emitting re- 
gion. For this reason, packaging the high intensity LED 
with a resin results in a structure in which the top of the 
current diffusing layer is covered with the passivating 
transparent resin. 

[0003] With such a structure, the critical angle asso- 
ciated with the current diffusing layer (the refractive in- 
dex is in the range of 3.1 to 3.5) and the vitreous resin 
(the refractive index is of the order of 1 .5) is in the range 
of 25 to 29 degrees. Of light that travels from the light 
emitting region toward the vitreous resin, the light that 
strikes the layer - resin interface at angles larger than 
the critical angle will suffertotal internal reflections. This 
will significantly reduce the probability of light produced 
within the LED being emitted to the outside. At present, 
the probability (light output efficiency) is of the order of 
20%. 

[0004] There is a method of improving the light output 
efficiency by forming a film of high refractive index on 
the current diffusing layer to thereby increase the critical 
angle. However, even with this method, an increase in 
the efficiency is low, of the order of 20%. 
[0005] Thus, the conventional LEDs that are pack- 
aged with transparent resin material suffer from the 
problem that the light output efficiency is low. This is be- 
cause, at the interface between the transparent resin 
and the top layer of semiconductor multi-layer structure 
including a light emitting layer, most of the light that 
strikes the interface at angles suffers total internal re- 
flections. This problem is common to surface-emitting 
LDs. 

[0006] According to an aspect of the present inven- 
tion, there is provided a surface-emitting semiconductor 
light emitting device comprising; a substrate having a 
major surface; a semiconductor multilayer structure 
formed on the major surface of the substrate and includ- 
ing a light emitting layer, emitted light being output from 
the opposite surface of the multilayer structure from the 
substrate; and a plurality of. protrusions formed on the 
light output surface of the semiconductor multilayer 
structure, the angle between the base and side of each 
protrusion being set to between 30 and 70 degrees. 
[0007] According to another aspect of the present in- 
vention, there is provided a surface-emitting semicon- 
ductor light emitting device comprising: a substrate hav- 
ing a major surface; and a semiconductor multilayer 
structure formed on the major surface of the substrate 
and including a light emitting layer, light being output 



from the opposite surface of the semiconductor multi- 
layer structure and the light output surface having been 
subjected to a roughening process so that a large 
number of protrusions and recesses is formed thereon, 
the distance between the peak and valley of each pro- 
trusion and recess being set to between 50 nm and the 
wavelength of light emitted by the light emitting layer. 
[0008] This summary of the invention does not nec- 
essarily describe all necessary features so that the in- 
vention may also be a sub-combination of these de- 
scribed features. 

[0009] The invention can be more fully understood 
from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

FIGS. 1 A, 1 B and 1 C are cross-sectional views, in 
the order of steps of manufacture, of a green LED 
according to a first embodiment of the present in- 
vention; 

FIG. 2 is an enlarged cross-sectional view of pro- 
trusions formed on the light output surface of the 
LED of FIG. 1; 

FIG. 3 is a plan view of an electrode pattern of the 
LED of FIG. 1; 

FIG. 4 is a plot of the angle between the side of the 
protrusion and the substrate surface versus the light 
output efficiency of the LED of FIG. 1 ; 
FIG. 5 is a cross-sectional view of a green LED ac- 
cording to a second embodiment of the present in- 
vention; 

FIGS. 6A and 6B are cross-sectional views, in the 
order of steps of manufacture, of a green LED ac- 
cording to a third embodiment of the present inven- 
tion; 

FIG. 7 is an enlarged cross-sectional view of the 
neighborhood of the light output surface in the third 
embodiment; 

FIG. 8 is a cross-sectional view of a surface-emit- 
ting LD according to a third embodiment of the 
present invention; 

FIGS. 9A, 9B and 9C are cross-sectional views, in 
the order of steps of manufacture, of a green LED 
according to a fifth embodiment of the present in- 
vention; 

FIG. 10 shows a plot of the light output efficiency 

versus the height of protrusions in the LED of FIG. 5; 

FIG. 11 shows a plot of the light output efficiency 

versus the height of protrusions comparable in size 

with the emitted wavelength; 

FIG. 12 shows a plot of the light output efficiency 

versus the refractive index when the surface of the 

antireflection film is roughened; 

FIG. 13 shows a plot of the light output efficiency 

versus the refractive index when the surface of the 

antireflection film is made smooth; 

FIGS. 14A to 14E are sectional views illustrating 

various surface configurations of the antireflection 

film which may be used in the invention; 
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FIG. 15 is a cross-sectional view of a green LED 
according to a sixth embodiment of the present in- 
vention; and 

FIG. 1 6 is a cross-sectional view of a surface-emit- 
ting LD according to a seventh embodiment of the 5 
present invention. 

[0010] The preferred embodiments of the present in- 
vention will be described with reference to the accom- 
panying drawings. 

[0011] FIGS. 1 A, 1B and 1C are cross-sectional 
views, in the order of steps of manufacture, of a green 
LED according to a first embodiment of the present in- 
vention. 

[0012] First, as shown in FIG. 1A, onto an n-type 
GaAs substrate 10 of 250 fxm in thickness, an n-type 
GaAs buffer layer 11 of 0.5 urn in thickness is grown by 
means of metal-organic CVD (MOCVD) using AsH 3 as 
a group V element source gas. After that, by means of 
MOCVD using PH 3 as a group V element source gas 
and under conditions of a PH 3 partial pressure of 200 
Pa and a total pressure of 5 x 10 3 Pa, an n-type 
ln 0 5 AI 0 5 P cladding layer 12 of 0.6 ja.m in thickness and 
an undoped ln 0 5 (Ga 0 55 A1 0 45 ) 0 5 P active layer 1 3 of 1 .0 
um in thickness are grown in sequence. 
[0013] Subsequently, a p-type ln 05 AI 05 P cladding 
layer 14 of 1.0 jim in thickness is grown by means of 
MOCVD with the PH 3 partial pressure reduced to 1 0 Pa 
and the total pressure kept at 5 x 10 3 Pa. After that, a 
p-type GaAs contact layer 16 of 0.1 u/n in thickness is 
grown by means of MOCVD using AsH 3 as a group V 
element source gas. Each of the epitaxial layers from 
the buffer layer 11 to the contact layer 16 is grown in 
succession in the same chamber. 
[0014] As described above, in growing the p-type In- 
AIP cladding layer 14, when the PH 3 partial pressure in 
the MOCVD process is reduced to a sufficiently low 
pressure (not higher than 20 Pa), the surface of the epi- 
taxial layer becomes roughened. To be specific, conical 
protrusions 20 are produced on the surface of the InAlP 
cladding layer 1 4 as shown in FIG. 2. The angle of each 
protrusion with respect to the substrate surface, i.e., the 
angle a made by the base and the side of each protru- 
sion, becomes larger than 30 degrees. 
[0015] Here, if, when the InAlP cladding layer 14 is 
being grown, the PH 3 partial pressure is in excess of 20 
Pa, the surface of the cladding layer would become less 
roughened, increasing the possibility that each protru- 
sion may fail to attain more than 30 degrees in the angle 
a made by its base and side. If, on the other hand, the 
PH 3 partial pressure is lower than 1 Pa, then the surface 
of the cladding layer 14 would become too much rough- 
ened and moreover its crystallinity would also become 
degraded. Therefore, the PH 3 partial pressure at the 
growth of the InAlP cladding layer 14 should preferably 
be in the range of 1 to 20 Pa. 

[0016] Next, as shown in FIG. 1 B, an ITO (Indium Thin 
Oxide) film 17 serving as a transparent electrode is 



formed on a selected portion of the GaAs contact layer 
16 through sputtering techniques. Subsequently, a p- 
side electrode (Zn-containing Au) 23 is formed on the 
ITO film 17. More specifically, a current block layer 21 
and a GaAs layer 22 are grown on the ITO film 1 7 and 
then selectively etched so that they are left in the central 
area of the chip. Subsequent to this process, the AuZn 
electrode 23 is formed over the entire surface and then 
patterned so that it is left on the GaAs film 22 and se- 
lected portions of the ITO film 17. 
[0017] FIG. 3 is a plan view illustrating a pattern of the 
p-side electrode 23. This electrode pattern is comprised 
of a circular pad 23a provided in the central area of the 
device so that a wire may be bonded, peripheral portions 
23 provided along the edges of the device, and contact 
portions 23c that connect the peripheral portions 23b to 
the central pad 23a. 

[001 8] Next, as shown in FIG. 1 C, the GaAs substrate 
10 has its rear side polished to a thickness as small as 
1 00 u,m and then formed underneath with an n-side elec- 
trode (Ge-containing Au) 25. After that, the resulting 
structure is subjected to a heat treatment in an Ar at- 
mosphere at 450°C for 15 minutes. Subsequently, the 
substrate 10, formed with the layers 11, 12, 13, 14, 16, 
17, 21 and 22 and the electrodes 23 and 25, is scribed 
to obtain chips. Each individual chip is then housed in a 
resin package so that its light output surface is covered 
with a transparent resin not shown. 
[0019] A single chip structure is illustrated in FIG. 1; 
however, in practice a plurality of chip structures as 
shown in FIG. 1 is formed on the same substrate 10 in 
order to form a plurality of chips at the same time. By 
scribing the substrate 1 0 at the final stage, it is separat- 
ed into chips. 

[0020] According to the present embodiment, as de- 
scribed above, the conical protrusions 20 can be formed 
on the surface of the cladding layer 14 by setting the 
PH 3 partial pressure lower than usual when the p-type 
InAlP cladding layer 14 is grown. The formation of the 
protrusions 20 allows the probability of incident light suf- 
fering total internal reflections at the interface between 
the topmost layer of the multi-layer structure including 
the light emitting layer and the transparent resin to be 
reduced. In particular, by setting the InAlP cladding layer 
growth time PH 3 partial pressure to between 1 and 20 
Pa, the angle a made by the base and the side of each 
protrusion can be set to 30 degrees or more. 
[0021 ] Here, a relationship between the incidence-on- 
resin probability (light output efficiency) and the angle 
of the protrusions 20 with respect to the substrate sur- 
face is shown in FIG. 4. In this figure, the angle is shown 
on the horizontal axis and the light output efficiency is 
shown on the vertical axis. The light output efficiency 
when the surface is free of protrusions and hence flat is 
taken to be unity. An improvement of more than ten per- 
cent was recognized when the angle a was 30 degrees 
or more. Conversely, when the angle a was too large, a 
reduction in the efficiency was recognized. With angles 
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in excess of 70 degrees, the efficiency fell belowten per- 
cent. Thus, the angle a should preferably range from 30 
to 70 degrees. 

[0022] The adoption of the protrusion structure as in 
this embodiment allows the light output efficiency to be 
increased by a factor of 1 .1 5 in comparison with the con- 
ventional device without protrusions. That the light out- 
put efficiency can be increased without changing the ba- 
sic device structure is extremely advantageous to LEDs. 
[0023] Even though the angle a should be set to 30 
degrees or more, all the protrusions need not necessar- 
ily meet this requirement. Most of the protrusions (for 
example, more than 90 percent) have only to meet the 
requirement. Even if each protrusion is formed so as to 
have an angle a in the range of 30 to 70 degrees, some 
of the resulting protrusions may have an angle of less 
than 30 degrees and some of them may have an angle 
of more than 70 degrees. There will arise no problem if 
the percentage of protrusions that have angles outside 
the range of 30 to 70 degrees is sufficiently low. 
[0024] Thus, according to the present embodiment, 
the light output efficiency can be significantly improved 
by setting the angle a made by the base and the side of 
each protrusion to between 30 and 70 degrees, not by 
simply making the light output surface rough. 
[0025] When the pitch or period of the protrusions 20 
formed on the light output side is made extremely small, 
the effect of increasing the light output efficiency is re- 
duced. According to our experiments, satisfactory ef- 
fects were confirmed when the pitch of the protrusions 
was 0.5 u.m or more. The current block layer 21 and the 
GaAs layer 22 on the transparent electrode 17 are not 
necessarily required. Even when the metal electrode 23 
was directly formed on the transparent electrode 1 7, we 
confirmed similar effects. 

[Second Embodiment] 

[0026] Referring now to FIG. 5, there is illustrated, in 
sectional view, the structure of a green LED according 
to a second embodiment of the present invention. 
[0027] In the second embodiment, each of grown lay- 
ers is opposite in conductivity type to a corresponding 
one of the grown layers in the first embodiment and the 
basic structure and the method of manufacture of the 
LED remain unchanged from those of the first embodi- 
ment. 

[0028] Onto a p-type GaAs substrate 30 are sequen- 
tially grown by means of MOCVD a p-type GaAs buffer 
layer 31 of 0.5 um in thickness, a p-type ln 0 5 Al 0 5 P clad- 
ding layer 32 of 0.6 um in thickness, an undoped In- 
GaAlP active layer 33 of 1 .0 u,m in thickness, an n-type 
ln 0 5 AI 0 5 P cladding layer 34 of 1 .0 jim in thickness, and 
an n-type GaAs contact layer 36 of 0.1 u.m in thickness. 
A transparent ITO film 37 is then formed on the contact 
layer 36 by means of sputtering techniques. 
[0029] As in the first embodiment, in growing the n- 
type InAlP cladding layer 34, the PH 3 partial pressure 



in the MOCVD process is reduced to a sufficiently low 
pressure (20 Pa or below). Thereby, conical protrusions 
are produced on the surface of the InAlP cladding layer 
34 as in the first embodiment. The angle a of each pro- 
5 trusion with respect to the substrate surface becomes 
30 degrees or more. 

[0030] A current block layer 41 and a GaAs layer 42 
are formed on a selected portion of the ITO film 37 and 
an n-side electrode 43 consisting of AuGe is formed on 

10 selected portions of the GaAs layer 42 and the ITO film 
37. The GaAs substrate 30 is formed underneath with 
a p-type electrode 45 made of ZnAu. 
[0031 ] With such a structure as described above, the 
conical protrusions formed on the surface of the n-type 

15 InAlP cladding layer 34 allows the probability of inci- 
dence of light on the transparent resin for packaging to 
be increased as in the first embodiment. 



20 



[Third Embodiment] 



[0032] FIGS. 6 A and 6B are sectional views, in the 
order of steps of manufacture, of a green LED according 
to a third embodiment of the present invention. 
[0033] First, as shown in FIG. 6A, onto an n-type 

25 GaAs substrate 50 of 250 u.m in thickness are sequen- 
tially grown by means of MOCVD an n-type ln 0 5 AI 0 5 P 
cladding layer 12 of 0.6 u,m in thickness, an undoped 
ln o.5( Ga o.55 A, o.45)o.s p active layer S3 of 1 .0 u.m in thick- 
ness, a p-type ln 0 5 AI 0 5 P cladding layer 54 of 1 .0 u,m in 

30 thickness, an n-type InGaP current diffusing layer 55 of 
3.0 p.m in thickness, and a p-type GaAs contact layer 56 
of 0.1 \im in thickness. For epitaxial growth of these lay- 
ers, the MOCVD techniques are used as in the first em- 
bodiment. 

35 [0034] Next, an annealing step is performed at a tem- 
perature equal to or higher than the epitaxial tempera- 
ture (not lower than 600°C) in order to change the epi- 
taxial surface topography. Thereby, the surface of the 
current diffusing layer 55 becomes roughened to form 

40 protrusions. Afterward, a p-side electrode 63 is formed 
on the current diffusing layer 55 and an n-side electrode 
65 is formed on the back of the substrate 50. Subse- 
quently, the exposed portion of the p-GaAs layer 56 is 
removed. Thus, the structure shown in FIG. 6 B is com- 

45 pieted. 

[0035] Here, the surface roughening by annealing will 
be described in more detail. As the gases used in the 
annealing step, an inert gas, such as hydrogen, and a 
group V element gas (for example, AsH 3 ) different from 

so group V elements (for example, p) constituting the epi- 
taxial films (lll-V compound materials, for example, In- 
GaAlP) are introduced. The group V element (P) in the 
epitaxial surface layer is reevaporated. Further, as the 
next step, an epitaxial step is performed on the rough- 

55 ened surface (the type of film: a transparent film of, say, 
GaP). 

[0036] Thus, P is extracted from the surface of the In- 
GaP current diffusing layer 55, so that the surface be- 
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comes roughened as shown in FIG. 7. A transparent 
GaP layer 57 Is then grown on the rough surface of the 
InGaP layer 56. The desired surface topography for in- 
creasing the light output efficiency is one in which a large 
number of convex conical protrusions are formed over 5 
the surface, which is obtained from a conventional epi- 
taxial surface in a state of mirror surface (Rmax = 5 nm). 
The angle of each conical protrusion with respect to the 
base is larger than 30 degrees. 
[0037] With such a structure as well, the conical pro- 
trusions formed on the surface of the current diffusing 
layer 55 allows the probability of incidence of light on 
the transparent resin for packaging to be increased as 
in the first embodiment. 

[0038] The p-type GaAs contact layer 56 need not 
necessarily be removed; however, if it absorbs light of 
the emitted wavelength, it should preferably be re- 
moved. 

[Fourth Embodiment] 

[0039] In FIG. 8, there is illustrated, in sectional view, 
the structure of a surface-emitting LD according to a 
fourth embodiment of the present invention. 
[0040] First, on an n-type GaAs substrate 70 of 250 
p.m in thickness are sequentially grown an n-type GaAs 
buffer layer 71 of 0.5 ujti in thickness and a DBR reflect- 
ing layer 78 consisting of stacked n-ln 0 5 AI 0 5 P/n-GaAs 
films. 

[0041] Subsequently, an n-type ln 05 AI 05 P cladding 
layer 72 of 0.6 jxm in thickness, an un doped MQW active 
layer 73 of Ino^Gao.ssAlo^sP/lno.sGaosP, and a p- 
type ln 0 5 AI 0 5 P cladding layer 74 of 0.6 \irr\ in thickness 
are grown in sequence, thus forming a double heter- 
ostructure. Subsequently, a DBR reflecting layer 79 con- 
sisting of stacked p-ln 0 5 AI 0 5 P/p-GaAs films, a p-type 
ln 0 5 AI 0 5 P current diffusing layer 76 of 1 .0 u.m in thick- 
ness and a p-type GaAs contact layer 77 of 0.1 u.m in 
thickness are grown in sequence. 
[0042] Each of the epitaxial layers from the buffer lay- 
er 71 to the contact layer 77 is grown in succession in 
the same chamber through the use of MOCVD tech- 
niques. The type of gas used and the pressure thereof 
are selected so that each layer is grown well. In growing 
the current diffusing layer 76, as in the first embodiment, 
the PH 3 partial pressure is reduced to a sufficiently low 
value of, for example, 10 Pa so as to allow the layer 
surface to become roughened. 
[0043] Next, a resist pattern is formed on the contact 
layer 77 and the layers through the n-type cladding layer 
72 are then etched away using the resist pattern as a 
mask to thereby form a laser ridge. Subsequently, an 
insulating film 81 is formed except the top of the ridge 
and then a p-type electrode (Zn-containing Au) is evap- 
orated. Using a resist mask, a portion of the p-type elec- 
trode which is located in the central portion of the ridge 
and the p-GaAs contact layer 77 underlying that portion 
of the p-type electrode are removed, thereby forming an 



upper electrode 83. Subsequently, the GaAs substrate 
70, after having its rear side polished to a thickness of 
100 urn, is formed underneath with an n-side electrode 
(Ge-containing Au) 85. Next, a heat treatment is carried 
out in an Ar atmosphere at 450°C for 15 minutes. Sub- 
sequently, the substrate 70 is scribed to obtain chips. 
Each individual chip is then housed in a resin package. 
[0044] According to the fourth embodiment thus con- 
figured, reducing the PH 3 partial pressure at the growth 
of the p-type current diffusing layer 76 allows protru- 
sions (irregularities) to be formed on the surface of that 
current diffusing layer and the angle between the sur- 
face of the resulting conical protrusions and the base to 
be made larger than 30 degrees. In the fourth embodi- 
ment, as in the first embodiment, the light output effi- 
ciency can therefore be increased. Although the laser 
diode of the fourth embodiment is adapted to emit red 
light, this is not restrictive. We confirmed the above ef- 
fects for other laser diodes than red diodes. 
[0045] The p-type GaAs contact layer 77 need not 
necessarily be removed; however, if it absorbs light of 
the emitted wavelength, it should preferably be re- 
moved. 



[0046] FIGS. 9A, 9B and 9C are sectional views, in 
the order of steps of manufacture, of a green LED ac- 
cording to a fifth embodiment of the present invention. 
[0047] First, as shown in FIG. 9A, onto an n-type 
GaAs substrate 110 of 250 \im in thickness, an n-type 
GaAs buffer layer 11 of 0.5 jim in thickness is grown by 
means of MOCVD using AsH 3 as a group V element 
source gas. After that, by means of MOCVD using PH 3 
as aV group element source gas and under conditions 
of a PH 3 partial pressure of 200 Pa and a total pressure 
of 5 X 10 3 Pa, an n-type ln 0 5 AI 0 5 P cladding layer 112 
of 0.6 u.m in thickness, an undoped InGaAlP active layer 
113 of 1 .0 nm in thickness, a p-type ln 0 5 AI 0 5 P cladding 
layer 1 1 4 of 1 .0 in thickness and a p-type InGaP cur- 
rent diffusing layer 1 1 5 of 1 .0 jim in thickness are grown 
in sequence. Subsequently, a p-type GaAs contact layer 
1 1 6 of 0. 1 u/n in thickness is grown by means of MOCVD 
using AsH 3 as a group V element source gas. Each of 
the epitaxial layers from the buffer layer 111 to the con- 
tact layer 1 1 6 is grown in succession in the same cham- 
ber. 

[0048] Next, as shown in FIG. 9B, an antireflection 
film 1 1 7 is formed, which features this embodiment. That 
is, the antireflection film 117 having a refractive index of 
2.0 and prepared by adding Ti0 2 to a polyimide resin is 
formed on the contact layer 116 by spin coating and its 
surface is then press shaped by a metal mold having 
protrusions which are less in size than the wavelength 
of emitted light. Thereby, the surface roughness (PV val- 
ue (max - min)) of the antireflection film 117 is set to be 
less than the wavelength of emitted light. Here, the PV 
value refers to the distance (height) between the peak 
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and the valley of each protrusion. 
[0049] Next, the anti reflection film 117 is formed on 
top with a resist mask (not shown) and then removed by 
RIE in the place where an upper electrode is to be 
formed. The resist mask is then removed. Subsequent- 5 
ly, as shown in FIG. 9C, an electrode material (Zn-con- 
taining Au) is evaporated onto the anti reflection film 1 1 7 
and the exposed contact layer 116 and then patterned 
using a resist mask (not shown), thus forming the upper 
electrode (p-side electrode) 118. The pattern of the p- 
side electrode 1 1 8 remains unchanged from that shown 
in FIG. 3. 

[0050] Next, the GaAs substrate 1 1 0 has its rear side 
polished to a thickness of 100 ^im and then formed un- 
derneath with a lower electrode 119 (Ge-containing Au) 
serving as the n-side electrode. After that, the resulting 
structure is subjected to a heat treatment in an Ar at- 
mosphere at 450°C for 15 minutes. Subsequently, the 
substrate 110 is scribed to obtain chips. Each individual 
chip, after wire bonding, is encapsulated with epoxy- 
based resin (n is about 1.5). 

[0051] Thus, according to the sixth embodiment, by 
causing the surface of the anti reflection film 117 to be- 
come roughened, the light output efficiency was in- 
creased from about 20% (the value of the conventional 
device) to about 30%. That is, the light output efficiency 
was increased by a factor of 1 .1 5 in comparison with the 
conventional device. That the light output efficiency can 
be increased by such an amount without changing the 
basic device structure is extremely advantageous to 
LEDs. 

[0052] FIG. 1 0 shows the relationship between the PV 
value and the light output efficiency. As the PV value 
increases, the light output efficiency increases. When 
the PV value exceeds 50 nm, the light output efficiency 
becomes 1 .5 or more. When the PV value exceeds 200 
nm, the light output efficiency becomes about 2 and re- 
mains almost constant. FIG. 11 shows the relationship 
between the PV values corresponding to wavelengths 
including the wavelength of emitted light and the light 
output efficiency. At PV values corresponding to wave- 
lengths shorter than 640 nm, the emitted wavelength, a 
sufficient light output efficiency is obtained. However, 
when the PV value increases above the value corre- 
sponding to the emitted wavelength, the light output ef- 
ficiency decreases sharply. Therefore, the PV value 
should preferably be ranged from 200 nm to less than 
a value corresponding to the emitted wavelength. 
[0053] Note that all the protrusions and recesses 
need not necessarily meet the requirement that the PV 
value be ranged from 200 nm to a value corresponding 
to the emitted wavelength and most of them (for exam- 
ple, not less than 90%) have only to meet the require- 
ment. That is, even if the protrusions and recesses are 
formed so as to satisfy the requirement that 200 nm s 
PV ^ emitted wavelength, some of them may be outside 
the range. If the percentage of such protrusions and re- 
cesses is low enough, no problem will arise. 
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[0054] FIG. 12 shows the relationship between the 
light output efficiency and the refractive index when the 
surface of the antiref lection film is made rough. This in- 
dicates the percentage of light that is output from a sur- 
face of the antiref lection film when light falls on the other 
surface of that film at an angle of incidence of -90 to +90 
degrees. From FIG. 12 it can be seen that, when refer- 
ence is made to the light output efficiency at a refractive 
index of 1 .5 (the same as that of the underlying semi- 
conductor layer), the light output efficiency is increased 
by about 50% at a refractive index of 2.0 (this embodi- 
ment) and by about 1 00% at a refractive index of 2.5. 
[0055] FIG. 13 shows the relationship between the 
light output efficiency and the refractive index when the 
surface of the antiref lection film is smoothed. In this 
case, the light output efficiency is increased by 8% at a 
refractive index of 2.0. Even at a refractive index of 2.5, 
an increase in the light output efficiency is as low as 9%. 
From this it can bee seen that, in order to increase the 
light output efficiency, it is necessary not only to increase 
the refractive index of the antireflection film but also to 
make its surface rough. 

[0056] Our experiments confirmed that the light out- 
put efficiency was increased sufficiently by setting the 
surface roughness (PV value (max - min)) of the antire- 
flection film to emitted wavelength X or less. Further, our 
experiments confirmed that, as the surface topology of 
the antireflection film, the formation of cones or polygo- 
nal pyramids (triangular pyramids, rectangular pyra- 
mids, hexagonal pyramids, etc.) at a pitch of 0.5 X or 
less offered more successful results. 
[0057] Thus, according to this embodiment, the prob- 
ability of incident light suffering total internal reflections 
at the interface between the top layer of the semicon- 
ductor multilayer structure including a light emitting layer 
and the transparent resin can be reduced by forming an 
antireflection film whose surface is rough on the light 
output side of the semiconductor multilayer structure. 
Also, it becomes possible to increase the light output 
efficiency significantly by setting the surface roughness 
of the antireflection film to the emitted wavelength or 
less. In addition, by setting the refractive index of the 
antireflection film between that of the transparent resin 
used for device packaging and that of the top layer of 
the semiconductor multilayer structure, the effect of in- 
creasing the light output efficiency can be enhanced fur- 
ther. 

[0058] Here, in the conventional device, the semicon- 
ductor multilayer structure has a refractive index of 
about 3.5 and the transparent resin for plastic encapsu- 
lation has a refractive index of about 1 .5 and hence there 
is a large difference in refractive index between them. 
In this case, the critical angle associated with total re- 
flection of light traveling from the semiconductor multi- 
layer structure to the transparent resin is small. In this 
embodiment, the critical angle associated with total re- 
flection can be made large by interposing between the 
semiconductor multilayer structure and the transparent 
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resin an a nti reflection film whose refractive index (1 .5 to 
3.5) is intermediate between their refractive indices. 
Thereby, the light output efficiency can be increased. 
Moreover, the light output efficiency can be further in- 
creased by making the antireflection film surface rough. 
[0059] The emitted wavelength of the LED is not re- 
stricted to the wavelength of green light. The above ef- 
fects were also confirmed by products adapted for visi- 
ble light other than green light. Concerning the shape of 
protrusions and recesses (irregularities) of the antire- 
flection film which are of the size of less than the emitted 
wavelength, we confirmed that any of surface configu- 
rations shown in FIGS. 1 4A to 1 4E allowed the light out- 
put efficiency to be increased. 

[0060] Besides InGaAlP, an InGaAlAs-based materi- 
al, an AIGaAs-based material or a GaP-based material 
may be used as the LED material. Further, to prepare 
the antireflection film, Ti0 2 , Ta0 2 or Zr0 2 may be added 
to acrylic resin. 

[Sixth Embodiment] 

[0061 ] FIG. 1 5 is a sectional view of a green LED ac- 
cording to a sixth embodiment of the present invention. 
[0062] In this embodiment, the conductivity type of 
each semiconductor layer is made opposite to that of 
the corresponding semiconductor layer in the fifth em- 
bodiment. The method of manufacture is substantially 
the same as in the fifth embodiment. That is, onto a p- 
type GaAs substrate 120 of 250 ujn in thickness, a p- 
type GaAs buffer layer 121 of 0.5 u,m in thickness, a p- 
type ln 0 5 AI 0 5 P cladding layer 122 of 0.6 jim in thick- 
ness, an undoped ln 05 (Ga 055 AI 0 45) 05 P active layer 
123 of 1.0 u.m in thickness, an n-type ln 05 AI 05 P clad- 
ding layer 124 of 1 .0 u.m in thickness, an n-type InGaP 
current diffusing layer 1 25 of 1 .0 u.m in thickness and an 
n-type GaAs contact layer 126 of 0.1 \um in thickness 
are grown in the same chamber. 
[0063] As in the fifth embodiment, an antireflection 
film 1 27 having a refractive index of 2.0 is formed on the 
contact layer 126 by spin coating and then subjected to 
press shaping using a metal mold so that its surface be- 
comes roughened. A portion of the antireflection film 
127 is removed in the place where an electrode is to be 
formed and an upper electrode (n-side electrode) 128 
is formed on the exposed portion of the contact layer 
1 26. The GaAs substrate 1 20 is formed underneath with 
a lower electrode (p-side electrode) 129. The resulting 
wafer is scribed to obtain chips. Each chip is encapsu- 
lated with resin material after having been subjected to 
a wire bonding step. 

[0064] Even with such a structure, the light output ef- 
ficiency was increased by a factor of about 2.5 as in the 
sixth embodiment. The same effects were also con- 
firmed by products adapted for visible light other than 
green light. Further, we confirmed that any of the surface 
configurations shown in FIGS. 14A to 14E allowed the 
light output efficiency to be increased. 



[Seventh Embodiment] 

[0065] In FIG. 8, there is illustrated, in sectional view, 
the structure of a surface-emitting LD according to a 

5 seventh embodiment of the present invention. 

[0066] First, on an n-type GaAs substrate 130 of 250 
urn in thickness are sequentially grown an n-type GaAs 
buffer layer 131 of 0.5 u,m in thickness and a multilayer 
reflecting layer 132 consisting of stacked n-ln 0 5 AI 05 P/ 

10 n-GaAs films. Subsequently, an n-type ln 0 5 AI 0 5 P clad- 
ding layer 1 33 of 0.6 u,m in thickness, an undoped MOW 
active layer 134 of InosJGaossAlo^osP/lnogGaQgP, 
and a p-type ln 0 5 AI 0 5 P cladding layer 135 of 0.6 u,m in 
thickness are grown in sequence. Subsequently, a mul- 

15 tilayer reflecting layer 136 consisting of stacked p- 
ln 0 5 AI 0 5 P/p-GaAs films, a p-type ln 0 5 AI 0 5 P current dif- 
fusing layer 137 of 1.0 urn in thickness and a p-type 
GaAs contact layer 1 38 of 0.1 u.m in thickness are grown 
in sequence. The epitaxial layers from the buffer layer 

20 131 to the contact layer 138 are grown in the same 
chamber. 

[0067] Next, a resist mask in the form of a stripe is 
formed on the contact layer 138. After that, the layers 
through the n-type cladding layer 133 are then etched 

25 away using the resist mask to thereby form a laser ridge. 
Subsequently, an Si0 2 insulating film 141 of 0.5 u.m is 
formed except the top of the ridge and then a p-type 
electrode (Zn-containing Au) is evaporated. Using a re- 
sist mask, an upper electrode 142 is then formed. The 

so upper electrode 1 42 comes into contact with the periph- 
eral portion of the contact layer 138 and the central por- 
tion of the contact layer is exposed. 
[0068] Next, an antireflection film 1 44 having a refrac- 
tive index of 2.0 and prepared by adding Ti0 2 to poly- 

35 imide resin is formed on the contact layer 116 by spin 
coating and its surface is then press shaped by a metal 
mold having protrusions which are less in size than the 
wavelength of emitted light. Thereby, the surface rough- 
ness (PV value (max - min)) of the antireflection film 1 1 7 

40 is made smaller than the wavelength of emitted light. 
Afterward, the unnecessary portion of the antireflection 
film 144 is removed. 

[0069] Next, the GaAs substrate 1 30 has its rear side 
polished to a thickness of 100 u,m and then formed un- 

45 derneath with an n-side electrode (Ge-containmg Au) 
143. After that, the resulting structure is subjected to a 
heat treatment at 450° C for 15 minutes in an Ar atmos- 
phere. Subsequently, the resulting wafer is scribed to 
obtain chips. Each individual chip is assembled and 

50 housed in a package made of epoxy-based resin (n is 
about 1 .5). 

[0070] In this embodiment, as in the fifth embodiment, 
the light output efficiency can be increased significantly 
by forming the antireflection film 144 which is interme- 
55 diate in refractive index between the underlying semi- 
conductor layers and the sealing resin and has its sur- 
face made rough. Concerning the surface topology of 
the antireflection film, we confirmed that any of surface 
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configurations shown in FIGS. 14A to 14E allowed the 
light output efficiency to be increased as in the fifth em- 
bodiment. 

[0071] Besides InGaAlP, an InGaAlAs-based materi- 
al, an AIGaAs-based material or a GaP-based material 5 
may be used as the semiconductor material. Further, to 
prepare the antireflection film, Ti0 2 , Ta0 2 or Zr0 2 may 
be added to acrylic resin. 

[Modifications] 10 

[0072] The present invention is not restricted to the 
embodiments described so far. Although, in the first and 
fourth embodiments, the PH 3 partial pressure is set at 
10 Pa to make the crystal surface rough, it may lie in the is 
range of 1 to 20 Pa. In the third embodiment, to make 
the crystal surface rough, annealing is performed with 
AsH 3 introduced. The gas used on annealing is not re- 
stricted to AsH 3 . Any other gas may be used provided 
that it contains hydrogen and a group V element differ- 20 
ent from a group V element that constitutes the semi- 
conductor layer whose surface is to be roughened. The 
method of making the crystal surface rough is not re- 
stricted to reducing the PH 3 partial pressure and anneal- 
ing after crystal growth. It is also possible to process 25 
randomly the surface of the semiconductor layer with a 
grinder having a point angle of less than 120 degrees. 
[0073] The protrusions need not be restricted to cir- 
cular cones but may be pyramidal ones, such as trian- 
gular pyramids, square pyramids, hexagonal pyramids, 30 
etc. The protrusions need not necessarily be formed 
over the entire surface on the light output side. However, 
it is desired that the percentage of the area occupied by 
the protrusions on the light output surface be as large 
as possible. If the percentage is 50% or more, a satis- 35 
factory result will be obtained. 
[0074] The light output efficiency is proportional to the 
occupied area; thus, if the occupied area by protrusions 
is 50% or less, the light output efficiency will be halved 
(1 .1 times or less). If the pitch of the protrusions is in a 40 
range of 0.2 to 0.5 jim, the light output efficiency is re- 
duced (1 .1 times or less), if the pitch is less than 0.2 u.m, 
the graded index effect will occur. 
[0075] In the fifth, sixth and eighth embodiments, a 
metal mold having protrusions and recesses is used to 45 
make the surface of the antireflection film rough; in- 
stead, it is also possible to roughen the surface of an 
antireflection film already formed with a grinder. In this 
case, various materials other than resin can be used for 
the antireflection film. 50 
[0076] The requirement that the surface roughness 
(PV value) be ranged from 200 nm to emitted wave- 
length is not necessarily applied to the antireflection film 
alone. The requirement may be applied to any other lay- 
er on the light output side of the semiconductor multi- 55 
layer structure. Specifically, the requirement may be ap- 
plied to the current diffusing layer or the contact layer. 
That is, in the first through fourth embodiments, the sur- 
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face roughness (PV value) of the roughened surface 
may be set to emitted wavelength or less. Further, the 
requirement that the surface roughness (PV value) be 
the emitted wavelength or less and the requirement that 
a be 30 degrees or more may both be satisfied. 
[0077] If current can be diffused sufficiently to regions 
other than just below the upper electrode between the 
upper electrode and the active layer, the current diffus- 
ing layer is not necessarily required; it may be omitted. 
The materials, compositions and thickness of semicon- 
ductor layers forming a light emitting device may be 
changed according to specifications. 
[0078] Although the embodiments have been de- 
scribed taking transparent resin-based encapsulation 
by way of example, this is not restrictive. In the case of 
no resin-based encapsulation, it is air that comes direct- 
ly into contact with the antireflection film. In this case as 
well, since there is a large difference in refractive index 
between the semiconductor multilayer structure and air, 
the effect of increasing the light output efficiency result- 
ing from the formation of the antireflection film could be 
expected likewise. 



Claims 

1 . A surface-emitting semiconductor light emitting de- 
vice characterized by comprising; 

a substrate (10, 50) having a major surface; 
a semiconductor multilayer structure formed on 
the major surface of the substrate (1 0, 50) and 
including a light emitting layer (13, 53), emitted 
light being output from the opposite surface of 
the multilayer structure from the substrate (10, 
50); and 

a plurality of protrusions formed on the light out- 
put surface of the semiconductor multilayer 
structure, the angle between the base and side 
of each protrusion being set to between 30 and 
70 degrees. 

2. The device according to claim 1 , characterized in 
that the semiconductor multilayer structure has a 
double heterostructure in which an active layer (1 3) 
is sandwiched between cladding layers (12, 14), a 
transparent electrode (23) is formed on the opposite 
cladding layer (14) of the double heterostructure 
from the substrate (10), and the protrusions are 
formed on the cladding layer (14) immediately un- 
der the transparent electrode (23). 

3. The device according to claim 1 , characterized in 
that the semiconductor multilayer structure has a 
double heterostructure in which an active layer (53) 
is sandwiched between cladding layers (52, 54), a 
current diffusing layer (55) is formed on the opposite 
cladding layer (54) of the double heterostructure 
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from the substrate (50), and the protrusions are 
formed on the surface of the current diffusing layer 
(55). 

4. The device according to claim 1 , characterized in 
that the protrusions are conical or pyramidal in 
shape. 

5. The device according to claim 1 , characterized in 
that the percentage of the area occupied by the pro- 
trusions on the light output surface side is 50% or 
more. 

6. The device according to claim 1 , characterized in 
that the protrusions are provided periodically and 
their period is 0.5 u.m or more. 

7. The device according to claim 2, characterized in 
that the active layer (13) is made of InGaAlP and 
the cladding layers (12, 14) are each made of InAIP. 

8. The device according to claim 1 , characterized in 
that 90% or more of the protrusions satisfy the re- 
quirement that the angle between their base and 
side be set to between 30 and 70 degrees. 

9. A surface-emitting semiconductor light emitting de- 
vice characterized by comprising: 

a substrate (10, 50, 110) having a major sur- 
face; and 

a semiconductor multilayer structure formed on 
the major surface of the substrate (10, 50, 110) 
and including a light emitting layer (1 3, 53, 1 1 3), 
light being output from the opposite surface of 
the semiconductor multilayer structure and the 
light output surface having been subjected to a 
roughening process so that a large number of 
protrusions and recesses is formed thereon, 
the distance between the peak and valley of 
each protrusion and recess being set to be- 
tween 50 nm and the wavelength of light emit- 
ted by the light emitting layer (13, 53, 113). 

10. The device according to claim 9, characterized in 
that the semiconductor multilayer structure has a 
double heterostructure in which an active layer (13) 
is sandwiched between cladding layers (12, 14), a 
transparent electrode (23) is formed on the opposite 
cladding layer of the double heterostructure from 
the substrate (10), and the surface of the cladding 
layer (14) immediately under the transparent elec- 
trode (23) has been subjected to the roughening 
process. 

11. The device according to claim 9, characterized in 
that the semiconductor multilayer structure has a 
double heterostructure in which an active layer (53) 



is sandwiched between cladding layers (52, 54), a 
current diffusing layer (55) is formed on the opposite 
cladding layer (54) of the double heterostructure 
from the substrate (50), and the surface of the cur- 
5 rent diffusing layer (55) has been subjected to the 
roughening process. 

12. The device according to claim 1 0, characterized in 
that the active layer (13) is made of InGaAlP and 

10 the cladding layers (12, 14) are each made of InAIP. 

13. The device according to claim 9, characterized in 
that the protrusions and recesses are formed peri- 
odically and their period is set to 0.5 X or less where 

15 x is the wavelength of the emitted light. 

14. A surface-emitting semiconductor light emitting de- 
vice characterized by comprising: 

20 a substrate (110) having a major surface; 

a semiconductor multilayer structure formed on 
the major surface of the substrate (11 0) and in- 
cluding a light emitting layer (113), light being 
output from the opposite surface of the multi- 

25 layer structure from the substrate (110); and 

an anti reflection film (117) formed on the light 
output surface of the semiconductor multilayer 
structure and having its surface roughened so 
that a large number of protrusions and recess- 

30 es is formed thereon , the distance between the 

peak and valley of each protrusion and recess 
being setto between 50 nm and the wavelength 
of light emitted by the light emitting layer (113). 

35 15. The device according to claim 1 4, characterized in 
that the refractive index of the antiref lection film 
(117) is set higher than that of transparent resin 
which is applied to the light output surface of the 
semiconductor multilayer structure but lower than 

40 that of the top layer (1 1 6) of the semiconductor mul- 
tilayer structure. 

16. The device according to claim 14, characterized in 
that the semiconductor multilayer structure has a 

45 double heterostructure in which an active layer 
(113) is sandwiched between cladding layers (112, 
1 1 4) and a current diffusing layer (1 1 5) is formed on 
the opposite cladding layer (114) of the double het- 
erostructure from the substrate (110). 

50 

17. The device according to claim 1 6, characterized in 
that the active layer (113) is made of InGaAlP and 
the cladding layers (112, 114) are each made of In- 
AIP. 

55 

1 8. The device according to claim 1 4, characterized in 
that the protrusions and recesses are formed peri- 
odically and their period is set to 0.5 X or less where 
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X is the wavelength of the emitted light. 

19. A surface-emitting semiconductor light emitting de- 
vice characterized by comprising: 

5 

a substrate (110) having a major surface; 
a semiconductor multilayer structure formed on 
the major surface of the substrate (110) and in- 
cluding a light emitting layer (113), light being 
output from the opposite surface of the multi- 10 
layer structure from the substrate (110); 
a first electrode (1 1 8) formed in selected areas 
of the light output surface of the semiconductor 
multilayer structure; 

an antiref lection film (117) formed on the light 1$ 
output surface of the semiconductor multilayer 
structure except the areas of the first electrode 
(118) and has its surface roughened so that a 
large number of protrusions and recesses is 
formed thereon; and 20 
a second electrode (1 1 9) formed over the entire 
rear surface of the substrate (110), 
the distance between the peak and valley of 
each protrusion and recess being set to be- 
tween 50 nm and the wavelength of light emit- 25 
ted by the light emitting layer (113). 

20. The device according to claim 19, characterized in 

that the refractive index of the anti reflection film 
(117) is set higher than that of transparent resin 30 
which is applied to the light output surface of the 
semiconductor multilayer structure but lower than 
that of the top layer (1 1 6) of the semiconductor mul- 
tilayer structure. 

35 

21 . The device according to claim 1 9, characterized in 
that the semiconductor multilayer structure has a 
double heterostructure in which an active layer 
(113) is sandwiched between cladding layers (112, 

1 1 4) and a current diffusing layer (1 1 5) is formed on 40 
the opposite cladding layer (1 1 4) of the double het- 
erostructure from the substrate (110). 

22. The device according to claim 21 , characterized in 
that the active layer (113) is made of InGaAlP and *5 
the cladding layers (112, 114) are each made of 1n- 
AIR 

23. The device according to claim 1 9, characterized in 
that the protrusions and recesses are formed peri- so 
odically and their period is set to 0.5 X or less where 

X is the wavelength of the emitted light. 

24. A surface-emitting semiconductor light emitting de- 
vice characterized by comprising: 55 

a substrate (110) made of a compound semi- 
conductor of a first conductivity type; 



a double heterostructure formed on the sub- 
strate (110) and comprised of a cladding layer 
(1 12) of the first conductivity type, an active lay- 
er (1 1 3), and a cladding layer (1 1 4) of a second 
conductivity type; 

a current diffusing layer (115) of the second 
conductivity type formed on the cladding layer 
(1 1 4) of the second conductivity type of the dou- 
ble heterostructure; 

a contact layer (1 1 6) of the second conductivity 
type formed on the current diffusing layer (115); 
an upper electrode (118) selectively formed on 
the contact layer (116); 

a lower electrode (119) formed on the rear sur- 
face of the substrate (110); and 
an antireflection film (117) formed on the con- 
tact layer (116) except its portions where the 
upper electrode (118) is formed, 
the antireflection film (117) having its surface 
roughened so that a large number of protru- 
sions and recesses is formed thereon and the 
distance between the peak and valley of each 
protrusion and recess being set to between 50 
nm and the wavelength of light emitted by the 
light emitting layer (113). 



10 



EP 1 271 665 A2 



p-GaAs 
p-lnAIP- 



InGaAlP 

n-lnAlP 
n-GaAs 



14 

-13 

-12 
-11 



FIG.1A 



n-GaAs 



-10 



n-GaAs 23 

ezzzzza 



I 



FIG. IB 



.22 2 ? 
-21 



.16 
-14 
-13 

-12 
-11 



-10 



23 



-22 



FIG. 1 C ezzzzzzzzzzzzzzzzzzzzzzzzzzzzzz 



-14 
-13 

-12 

-11 

-10 
-25 



11 



EP 1 271 665 A2 





12 



EP 1 271 665 A2 



GaASs 



43 

. . . : zz^l 



43 



InGaAlP 

p-lnAlP 

p-GaAs 



p-GaAs 



ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZK--45 



37 

-38 
-34 
-33 

-32 
-31 

-30 



FIG.5 




13 



EP 1 271 665 A2 



FIG.6A 



p-GaAs 



p-lnGaP 



p-lnAlP 



InGaAlP 



n-lnAlP 



n-GaAs 



>56 
.55 
-54 

-53 
-52 

-50 



56 / 

/vwwvwwW^ 



FIG.6B 



SZZZZZZZZZZZZZZZZZZZ2Z2ZZZ /-r-rr-r 



-55 
-54 
-53 
-52 

-50 
-65 



Gap 




•55 



FIG.7 



14 



EP 1 271 665 A2 



p-GaAs — 



n-GaAs - 



FIG.9A 



p-lnGaP 



p-lnAlP 



InGaAlP 



n-lnAlP 



n-GaAs 



-116 
-115 
-114 

-113 
-112 
-111 

-110 



117 



p-GaAs — 



maaaaaaaaaaaaaaaaaaaaaaaaaaaaaAaaaa 



n-GaAs — *■ 



FIG.9B 



p-lnGaP 



p-lnAlP 



InGaAlP 
n-lnAIP 



n-GaAs 



-116 
-115 
-114 
-113 
-112 
-111 



-110 



p-GaAs — 



118 118 117 



n-GaAs— 



FIG.9C 



p-lnGaP 



p-lnAlP 



InGaAlP 



n-lnGaAIP 



n-GaAs 



ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZA 



-116 
-115 
-114 
-113 
-112 
-111 

-110 
H19 



15 



EP 1 271 665 A2 



2.5 



Q_ 

§5 



1.5 















✓ 

✓ 

✓ 












/ 

/ 

/ 

/ 

✓ 

I ! 













100 200 300 400 500 600 
HEIGHT (nm) 

FIG. 10 



Q_ 

it 



2.5 
2 

1.5 
1i 

0.5 
0 



1 



10 102 10 3 
HEIGHT (nm) >- 



10 4 10 5 



FIG- 11 



16 



EP 1 271 665 A2 



St 



50 
40 
30 
20 
10 
0 



GRADED ANTIREFLECTION FILM REFRACTIVE INDEX DEPENDENCE 
(ANGLE OF INDEX = -90'~+90* ) 







1 
1 




I 1 

__^T__o/in 






1 
1 

1 


_^f^7l QR 








P 1 








i • ' 

r- • r — i 








: : : 

! 1 ! 





0.5 1 1.5 2 
REFLECTIVE INDEX — h 



2.5 



3.5 



FIG. 12 



1.20 
1.00 
0.80 
0.60 
0.40 
0.20 
0.00 



FLAT ANTIREFLECTION FILM EFFECT 



0.5 1 1.5 

REFLECTIVE INDEX- 







I — 1 — I 1 

1 


1 ■ — 

y 






' — T-^"1.08 1. 
1.00 i 


09 ' 



















































2.5 



FIG. 13 



17 



EP 1 271 665 A2 



FIG.14A 




FIG.14B 




F I G. 14C 





F I G. 14D 



A/vAAN/V\ 



F I G. 14E 



18 



EP 1 271 665 A2 



128 127 
a^MMAAAA^^^^^MM^^A r 126 



n-GaAs— • 



p-GaAs- 



n-lnGaP 



n-lnAlP 



InGaAlP 



p-lnAIP 



p-GaAs 



•125 
124 
■123 
•122 
•121 

•120 
•129 



FIG.15 




-141 
-132 
-131 

-130 
-143 



zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzza 

FIG. 16 



19 



